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AERONAUTIC SYMBOLS 
1. FUNDAMENTAL AND DERIVED UNITS 



1 



Length- 
Time... 
Force.-. 

Power. - 
Speed. _ 



Symbol 



I 
t 

F 



P 
V 



Metric 



Unit 



meter 

second 

weight of 1 kilogram. 



horsepower (metric), 
fkilometers per hour_ 
Imeters per second. _ 



Abbrevia- 
tion 



s 

kg 



k.p.h. 
m.p.s. 



English 



Unit 



foot (or mile) 

second (or hour)__ 
weight of 1 pound 

horsepower 

miles per hour 

feet per second. __ 



Abbrevia- 
tion 



ft. (or mi.) 
sec. (or hr.) 
lb. 



hp. 

m.p.h. 
f.p.s. 



2. GENERAL SYMBOLS 

Wf W eight =mg Vy Kinematic viscosity 

g, Standard acceleration of gravity =9.80665 p, Density (mass per unit volume) 

m/s^ or 32.1740 ft./sec.^ ^ Standard density of dry air, 0.12497 kg-m-*-s' at 

W 15° C. and 760 mm; or 0.002378 Ib.-ft."* sec.^ 

m, Mass=y Specific weight of ^'standard'' air, 1.2255 kg/m' or 
/, Moment of inertia=mF. (Indicate axis of 0.07651 Ib./cu. ft. 

radius of gyration k by proper subscript.) 
fx, Coefficient of viscosity 

3. AERODYNAMIC SYMBOLS 



StOf 

o, 

b, 
c, 

S' 
V, 

a, 
L, 

V, 

Do, 
C, 



Area 

Area of wing 
Gap 
Span 
Chord 

Aspect ratio 

True air speed 



1 



Dynamic pressure=2P^ 
Lift, absolute coefficient (7^,== 



D 



Do 



Drag, absolute coefficient C^d=^ 
Profile drag, absolute coefficient Gdo=^ 
Induced drag, absolute coefficient ^x><~^ 
Parasite drag, absolute coefficient ^Dp=^ 



Cross-wind force, absolute coefficient Cc= 
Resultant force 



qS 



VI 



Angle of setting of wings (relative to thrust 
line) 

Angle of stabilizer setting (relative to thrust 
line) 

Resultant moment 
Resultant angular velocity 



p — > Reynolds Number, where Zis a linear dimension 
^ (e.g., for a model airfoil 3 in. chord, 100 
m.p.h. normal pressure at 15° C, the cor- 
responding number is 234,000; or for a model 
of 10 cm chord, 40 m.p.s., the corresponding 
number is 274,000) 
Cp, Center-of-pressure coefficient (ratio of distance 

of c.p. from leading edge to chord length) 
a, Angle of attack 
c. Angle of downwash 
ao, Angle of attack, infinite aspect ratio 
Angle of attack, induced 

Angle of attack, absolute (measured from zero- 
lift position) 
7, Flight-path angle 
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SUMMARY 

Factors are obtained from semiempirical equations for 
correcting engine-cylinder temperatures for variation in 
important engine and cooling conditions. The variation 
of engine temperatures with atmospheric temperature is 
treated in detail, and correction factors are obtained for 
various flight and test conditions, such as climb at con- 
stant indicated air speed, level flight, ground running, 
take-off, constant sj)eed of cooling air, and constavt mass 
flow of cooling air. 

Seven conventional air-cooled engine cylinders enclosed 
in jackets and cooled by a blower were tested to determine 
the effect of cooling-air tempterature and carburetor-air 
temperature on cylinder temperatures. The cooling-air 
temperature was varied from approximately 80^ F. to 
2gQo p carburetor-air temperature frorn approxi- 

mately Ifi^ F. to 160^ F. Tests were made over a large 
range of engine speeds, brake mean effective pressures, and 
pressure drops across the cylinder. The correction factors 
obtained experimentally are compared with those obtained 
from the semiempirical equations and a fair agreement is 
noted. 

INTRODUCTION 

In present-day air-cooled engines of high specific 
output, cooling is very often the factor that limits 
engine performance. As a result, several problems arise 
which require that cooling data obtained at one set of 
test conditions be converted to apply at another. Be- 
cause of the strict limits set on maximum cylinder 
temperatures in acceptance tests and because of the 
difficulty of obtaining a standard set of test conditions 
both in flight and on the ground, a method is required 
for correcting the engine-cylinder temperatures to the 
standard conditions. It is very often necessary to 
predict cylinder temperatures at altitude from tests 
made on the ground and cylinder temperatures in the 
summer from tests made in the winter. 

The correction of cylinder temperature for variation 
in atmospheric temperature is of particular interest to 
persons concerned with acceptance tests. In the past, 
several methods have been used for making this cor- 
rection. 



In May 1933 the Chief of the Bureau of Aeronautics, 
Navy Department, issued to the inspector of juival air- 
craft the follow iiiu' corrections to be applied to observed 
cylinder teiupciu lures for change in strut air tempera- 
tures: ''1.5° F. for every 1° F. strut air for the cylinder- 
head temperatures and 0.5° F. for every 1° F. strut air 
for the cylinder-base temperatures.'' 

The Army Air Corj)s has issued the following instruc- 
tions for correcting engine-cylinder temperatures: 
''In determining temperatures for satisfactory opera- 
tion to be eiicountered with anticipated summer tem- 
peratures, a correction will be added to the actual 
recorded temperature and the corrected temperature 
will be the anticipated engine summer temperature. 
This correction is the difl'erence between the actual air 
temperature and the anticipated summer air tempera- 
ture for the particular altitude and it is added directly 
to all engine temperatures to determine the aiitici- 
pated summer temperature in each case.'' 

Campbell (reference 1) obtained a correction factor 
of 1 ; that is, for every degree rise in air temperature, 
there is a 1° F. rise in cylinder temperature for a constant- 
velocity condition. The Army and Navy methods 
did not specify the conditions for which the corrections 
applied and it is to be assumed that they were to be 
applied to all flight conditions. 

Besides affecting the temperature of the cooling air, 
the variation in atmospheric temperature aflects other 
factors that, in turn, influence the engine cooling; for 
example, the density of the cooling air, the speed of the 
airplane, the engine power, and the temperature of the 
mixture at the intake manifold. It is thus evident that 
the value of the correction factor for variation of 
cylinder temperature with atmospheric temperature 
will depend to some extent on tlie type of test to whicli 
it is to be applied. 

An expression for the correction factor as a function 
of the test conditions will be obtained from equations 
for the rate of transfer of heat from the engine gas to 
the cylinder wall and from the cylinder wall to the 
cooling air. Under Application of Results, curves of 

1 
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this function will be presented and an explanation will 
be given of the procedure by which the correction fac- 
tors may be readily determined without reference to 
the analysis. A table has been prepared covering cor- 
rection factors for flight and ground conditions of: 
climb at a designated air speed, level ilight at a given 
pressure altitude, stationary on ground at a given at- 
mospheric pressure, constant airplane velocity, and 
constant mass flow of cooling air. From this table, a 
close estimate of the correction factor may be rapidly 
obtained. A discussion of the table is included later in 
the report. 

In any maneuver of short duration in which there is a 
sudden increase of power or decrease of cooling-air 
velocity, the cylinder temperatures, because of the time 
required for temperatures to stabilize, will depend on 
the time necessar}^ for the completion of the maneuver. 
In such cases, the correction factor for the variation of 
atmospheric temperature will depend on the effect of 
atmospheric temperature upon the time duration of the 
maneuver. An equation will be derived for the cyhnder 
temperature as a function of the engine and the cooHng 
conditions and the tinu\ The effect of variation of 
atmospheric temperature upon cylinder temperature 
for the take-off and the climb condition will ])c dis- 
cussed . 

The results of tests made at the request of the 
Bureau of Aeronautics, Navy Department, by tlie 
N. A. C. A. at Langley Field, Va., during 1934, 1935, 
and 1936 to determine the effect of atmospheric tem- 
perature on cylinder temperatures for seven service 
cylinders at various operating conditions are given in 
this report. 

DISCUSSION OF PROBLEM 

Cylinder temperature as a function of engine and 
cooling conditions. — As a starting point in the analysis, 
the equations for the transfer of heat from the combus- 
tion gases to the engine cylinder and from the cylinder 
to the cooling air will be reviewed. It has been shown 
in reference 2 that the rate of heat transfer (B. t. u. 
per hr.) from the combustion gases to the cylinder 
head may be written, as a good first approximation, 

H=BaJ^'{T,~Tn) (1) 

and the rate of heat transfer from the cylinder head to 
the cooling air may be written 

H,=Kao(App/por{Tn-Ta) (2) 

where* // is the heat transferred per unit time from 
cond)ustion gases to cylinckn- head, 1^. t. u. 
per hr. 
/)*an(l Ky constants. 

(I If internal area of head of cylinder, sq. in. 
/, indicated horsepower of each cylinder. 



?// and ?n, exponents. 

efi'ective gas temperature, °F. 
average temperature over the cylinder-head 
surface when equilibrium is attained, °F. 
Hi, heat transferred per unit time from cylinder 

head to cooling air, B. t. u. per hr. 
cTq, outside wall area of head of cylinder, sq. in. 
Aj^, pressure drop across cylinder, in. of water 

(includes loss out exit of baflle). 
p, average density of cooling air, lb. ft.~^ sec.^ 
Po, density of air at 29.92 in. ITg and 70^ F., lb. 
ft.~^ sec." 

7 a, inlet temperature of cooling air, °F. (tempera- 
ture of atmosphere). 
(For convenience, a complete list of the symbols used 
is given hi ;m n |)[)ondix.) 

For e(iuihl)iium the rate of heat transfer to the 
cylinder head is equal to the rate of heat transfer away 
from the cylinder head and, solving equations (1) and 
(2) for T/,, the following equation is obtained 

Ivjiinlion (3) gives the average head temperature as a 
function of the important engine and cooling variables. 
A set of equations similar to (1), (2), and (3) may be 
written for the barrel. In the following discussion, 
wherever an equation is derived for the head, it is to be 
remembered that a parallel equation applies for the 
barrel. The values for Ka^j Bai, m, and were ob- 
tained from blower-cooling tests on Pratt & Whitney 
cylinders 1340-H and 1535 (reference 2) and are given 
in the following table. 



Cylinder 






m 




Head 


Barrel 


Head 


Barrel 


Head 


Barrel 


Head 


Barrel 


1340-n 

1535 


78.1 


33.0 


5. 22 


2. 77 


0. 34 


0. 34 


0. 64 


0.64 


34.5 


17.1 


2.71 




.35 


.31 


.68 











The values for /iai, m, and n' should be about the 
same for a cowled engine under lUght conditions and 
Kuq should ho somewhat higher. The form of equation 
(3) was checked by flight tests on a Grumman Scout 
airplane equipped with a Pratt & Whitney 1535 engine 
(references 2 and 3). 

It is also shown in reference 2 that the temperature 
of tlie combustion gases Tg is dependent on the air-fu(»l 
ratio, the compression ratio, the carl)uret()r-air teni- 
|)(U-ature, and the spark setting and, as a good lirst 
approximation, is independent of the engine speed and 
the brake mean effective pressure. Curves obtained 
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from reference 2 showing the variation of Tg with air- 
fuel ratio, spark setting, and earbin-etor-air tempera- 
ture for a Pratt & Whitney 1340-11 cyhnder and with 
air-fuel ratio for a Pratt & Whitney 1535 cylinder are 
reproduced in figure 1. In the range to the rich side of 
the til core tically correct mixture, Tg increases from 
approximately 1,100° F. at an air-fuel ratio of 10.5 to 
1,150° F. at 12.5, mid to 1,200° F. at 14.5. The fore- 



By a rearrangement of terms, equation (3) may also 
be written 

Thus, for a given engine installed on a given airplane, a 

y J* 

straight line is obtained when ttt — tj?!'^' is plotted 
against A2)p/po on logaritlnnic coordinates. The slope 



Cylinder Engine b.m.e.p. Carburetor- 

speed (Ib./sq.in.) air temp, 

(r.p.m.) (T.) 

I340'H o 1,500 103.0 85 

1535 V 1,650 96.2 61 

X 1,850 112.7 83 

□ 1,400 1 1 1.7 76 

A varied 96/ 81 

4-« IS50 varied 79 
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a 



1340-H Cylinder 

Engine speed, l,500 r.p.m. 
b.m.e.p., 102.0 Ib./sq.in. 
Cor bare tor - oir temp. , 93 "F. 
Air-fuel ratio, 12.34 



1340-tt Cylinder 

Engine speed, 1,500 r.p.m. 
b.m.e.p., 101.5 Ib./sq.in. 
Spark timing, 26° B.T.C. 
Air-fuel ratio, 12.25 



1,600 



1,400 



1,200 



1,000 



800 



600 



400 



200 



0 



14 ^ 20 24 26 32 

Spark setting, crankshaft degrees B. T.C 

Figure 1.— Effect of air-fuel ratio, spark setting, and carburetor-air temperature on Tg (curves from reference 2). 



too 140 180 220 
Carburetor -air temperature, T. 



going values apply for a carburetor-air temperature of 
about 80° F. A 1° F. variation in the carburetor-air 
temperature produces approximately a K° F. variation 
in Tg, 

For the barrel, Tg has a value of about 600° F. at an 
air-fuel ratio of 12.5 and a carburetor-air temperature 
of 80° F. The effect of carburetor-air temperature on 
Tg for the barrel is about the same as for the head. 



of the line will be equal to m__and the intercept at 
A/jp/po^l wall be equal to Ka^jBai. All the tempera- 
ture data for the given installation should fall on this 
curve provided, in each case, that the equilibrium tem- 
perature has been attained. It is evident that the 
temperature Tj^ corresponding to any desired set of 
test conditions within the useful range can be calculated 
from this curve. A curve of this type is shown in 
figure 12 of reference 2. 
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Change in cylinder temperature with change in 
engine and cooling conditions. — For a constant mass 
flow, engine horsepower, and T^, the variation of 
witli Ta is obtained by differentiating equation (3): 

KaoiApplpo)^ 

fO\ \ X \ [ 1 r 



where a, wliich may be called the ^ 'basic temperature 
correction factor' ' is the change in cylinder-head tem- 
perature per degree change in cooUng-air temperature. 
Figure 2 shows a for the head and the barrel plotted 
against the average head and barrel temperatures for 
various values of Ta and T g. 

If variations also occur in the density, the pressure 
drop, the indicated horsepower, and in T then, the 
increment in cylinder-head temper a tin*e for a small 
change in these factors is given by 




200 250 300 350 400 450 500 

\ and 7i/F. 



Figure 2.— Effect of cylinder temperature Tk or Th on a at various values of Ta and Tq. 
Head, a= ( T„ - Ta)/( - Ta) . Barrel, a= ( T„ - Th)l{ T„ - Ta) . 
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Kao(App/po)' 
BaJ"' 



BaJ"' 

■^Kao(A£p/Po)"' , 



BaJ"' 

With a as previously defined, 



dTn 



dTa 



"Tn-Tl+T.-T, 



(1- 



Thus, for small changes in the variables T^, T^, A^^p/po, 
and /, Tfi is increased b}'- tlie amounts adTa and {l-a)dTg 
and a percentage change in Tj~Ta is effected equal 
to — times the percentage change in Aj^p/pQ and 
n/a times the percentage change in /. For example, 
witli a=0.8, m=0.34, and ??/ = 0.64, a 10° F. increase in 
each of 1\ and causes an 8° F. and a 2° F. increase 
in Thy respectively. A 10-percent change in each of 
App/po and / causes a —2.7-percent and a 5.2-perccnt 
change in Tj — Ta. Similar relations may be obtained 
for the barrel. The values of m and n' are about the 
same for the barrel as for the head but, as seen from 
figure 2, a is slightly lower for the barrel. 
From equation (4) 

Tn-Ta={l-a) {T,-Ta) (6) 

and equation (5) may be WTitten 

dT,= ccdTa+ (1 - a)dT,-ma{l - a) (T,- T,) '^^^ 

dl 



+ n'a{l-a){T,-Ta)~ 



(7) 



It is evident from equations (4), (5), and (7) that, w^hen 
the values of Tg or a are known, the variation in cylin- 
der temperature with engine and cooling conditions can 
be determined for any test condition. 

The present tests of seven service cylinders were made 
to determine the values of a and Tg for a range of 
engine conditions. Tests were also made to obtain the 
effect of carburetor-air temperature on Tg and cylinder 
temperature. 

Effect of variation in atmospheric temperature on 
cylinder temperature at constant pressure altitude. — 
For tests in which atmospheric temperature is changed, 
in addition to changes in Ta, there are generally intro- 
duced changes in T^, App/po, and /. These changes 
depend on the specific tests under consideration. 

As the pressure drop across the cylinder in a given 
flight condition depends on the atmospheric density 
and the airplane velocity, and the velocity depends on 
the engine power, the assumption will be made that 



pA;; is proportional to p'^P. From this relation be- 
tween pAp and p^P, there is obtained 

d(App/po) _ dp ■ dl 

Since p varies inversely as the absolute atmospheric 
temperature, 



dp 



dTa 



P ?^a+460 

With regard to carburetor-air temperature Tc, two 
conditions will be considered, one in which the car- 
buretor-air temperature is equal to the atmospheric 
temperature, and the other in which it is held con- 
stant by means of a carburctor-air heater. The rela- 
tion between the carburetor-air temperature and the 
atmospheric temperature for these tw^o cases may then 
be expressed by 

dTc=zdTa 

where z=l for the first case mentioned and z=0 for the 
second case. Then, as the indicated horsepower for a 
constant manifold pressure varies inversely as the 
square root of the absolute carburetor temperature. 



dl d{Tc+4:m)-y\ 



dT, 



(r,+460)- 



2(r„+460) 



Let 



Then 



. dTg 

^ dT, 



dT g — ^rji dTa — hzdTa 



Inserting the foregoing quantities in equation (7) and 
combining 

j_^ = „,^„[l+0.34X^A^J^]+.Ml-«) (8) 

Mhere ^^oS^L^+i^^-i)] 

The correction factor a\ is the change in cylinder 
temperature per degree change in atmospheric tempera- 
ture at a constant pressure altitude. The eft'ect of both 
atmospheric pressure and temperature on cylinder tem- 
peratures can be obtained from equation (3). 

The last term in equation (8) is a small correction 
for variation in Tg. When the carburetor-air tempera- 
ture is held constant, 3=0 and this term is zero. When 
the carburetor-air temperature is allowed to vary with 
the atmospheric temperature, z=\ and this term be- 
comes {\~a)b. The value of 6, as stated in the 
results, will be taken equal to 0.50 for both the head 
and the barrel. In figure 3, the remaining term in ax is 
plotted as a\ against X for various values of a, Tg, 
and Ta- The curves pass through a\ = a at X = 0. It 
is noticed that, for a given value of a, the value of a\ 
does not depend appreciably on the value of Tg used. 
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From figures 1, 2, and 3, it is apparent that the 
value of ax for any given average eylinder-Iiead tem- 
perature and cooling-air tonii)erature may be obtained, 
])rovided that the value of X for the flight or the test 
condition is known. It will also be noticed that, for 
large temperature variations, the value of ax varies 
slightly in going from the initial to the final value of 
Ta and it is necessary to choose an average value for 
the range covered. As an added rehnement after the 
first approximation, a corrected vahic of ax may be 
obtained by averaging the values at the initial and the 
linal conditions. A number of test conditions includ- 
ing those of climb, level flight, ground riniiiing, and 
constant velocity will be considered in a \\\\vy section 
on Application of Results. 

Equation for cylinder temperature for varying oper- 
ating conditions.— When the j)()\v(m- and (lie cooling 
conditions of an engine change, (inu^ is recpiired for 
the cylinder temperatures to reach {\\c\v (Mpiilibiiuni 
values. For short maneuvers or for JuaneiiNcMs in 
which the conditions are varying, the time rtHpiired 
to complete the maneuver must be coiisidcM-ed in the 
determination of the effect of atmospheric temperature 
on cylinder temperature. 

The rate // at which heat is carried from the gas to 
the cylinder head is e((ual to the sum of the rate at 
which the cylinder absorbs heat and tlu^ rate Hi at 
which lu^at is translerird to tlu* cooling air: 

where c is the specific heat of the head. 
M, the weight of the head, 
the time. 

Substituting from equations (1) and (2) for // and 
Hi respectively, there results 

or 

+Kao{App/poy'Ta 

For any given variation of Ap, p, /, T^, and 7\ with 
time, the solution for Tf, is 

T„=.-^^^'[('^,^:^/;-'^,+7^„J (10) 

where ^ 

A^-Kao(App/por + BaJ^' 
B=BaJ-' T, + Kao {Applp^^Ta 

and is the average temperature of the head at ^=0. 

For the case where A and B change at the time /=0 
and thereafter remain substantially constant, equation 
(10) reduces to 



T,=T,-iTn-r,^)e (11) 

where Tn is the final average temperature that the head 
will reach when equilibrium is attained and is given by 
equation (3), and Tf,^ is the average temperature of the 
head at time /. Equation (11) may be used for cases 
in which small variations in A occur after the initial 
change at t = 0. In such cases an average of the values 
of ^1 should be used. 

Variation of cylinder temperature with atmospheric 
temperature for a maneuver of short duration. AVilh 
t now taken as equal to the time of completion of the 
maneuver, is the temperature at the completion of 
the maneuver. The effect of Ta on cylinder tempera- 
ture will be obtained for the case where the carburetor- 
air temperature and the engine power are assumed to 
be li(^l(l constant. From ecjiiatioii (11), for a change in 
atmos])he]ic temperature of for the pressure alti- 
tude at which the maneuver is completed and of dTo 
for the pressure* altitude at wliich the mancMiver is 
started, the change* in 1,, is given by 

Ai 

-{axdT^-ax,dTo)e 

wluM'e axf) is the correction factor, and Tq is the tem- 
pcM'ature of the atmosphere at time ^=0. 

dA __ mKaojApplp X djApp/p^) _ mad(App/p^) 

A~~[Ka,(App/p^y-+Bajn App/p^ ~ App/p^ 

As / is held constant, App/p^ may be assumed to be 
proportional to and t proportional to p" or to 
(7'+4()() > " w here T is the average temperature of the 
atm()sph(M'(» during the maneuver; then 

dA , dt , ^ \dp 

Since p is inversely proportional to 7^+460 
r/p___ dT 
P r+460 

and the ecjuation for dT^^^ becomes 

_Ai fj{ 

-Ai 

-(axdTa-ax,dTo)e 
From equation (11) 

h J- hQ 

and 

At. Tj — Tuq 



09547—38 2 
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(T,-T,J/(T,-T,J 
Figure 4.--Curve showing effect of {Th-THi)liTK-Tr.^) on r. 



The quantity r is shown plotted in figure 4 against 
{Tn-Tn;)l{Tn-T,^). When Tn, is equal to T,, r is 
equal to zero and dTf^^is equal to a\dTa. For Tn=Th^^ 
r is again zero and dTnt=axQdTo. It is thus evident 
that, for very short maneuvers, the change in T/,^ de- 
ponds, as may be expected, more on the change in 7),^ 
than on the change in Tn with atmospheric tempera- 
ture. The conditions of climb to critical altitude and 
tako-ofr will be considered in a later section. 

APPARATUS 

The apparatus consisted of a single-cylinder air- 
cooled engine, a supercharger for boosting carburetor- 
intake pressures, an electric dynamometer, a cooling 
system, heaters for varying the temperntures of the 
cooling and the carburetor air, a refrigerating system for 
cooling the carburetor air, and the necessary instruments 
to measure the factors involved. A diagrammatic 
sketch of the set-up is shown in figure 5 and a photo- 
graph of the engiiie with the cylinder enclosed in the 
cooHng jacket is sliown in figure (). 



o, Cylinder- ihermocouple 'pyrometer 

b. Air- 

c . Manome fer 



d. 
6, 
f. 



Thermometer 

5 to tic -pressure monome ter 
Thermocouple terminal box 



g. Cold- junction thermometer 

h. Carburetor -o/r thermometer 

and manometer 




Selector 
switches 



burge 
tank 




Cooling -air blower 



Engine Dynamometer 
Figure's.— UiaKrammatic sketch of eciuipment. 



Supercharger 



ind the equation for dT,,^ finally l)ecomes 

T —T 

dTn^=axdTa—^^j^^ {rnax-]ru)rdT 

~ {a\d7\ — a\ dTo) if, 7p- 

— Tfi Tf,Q 



where 



Trp lOge rp rp 
h — J- hQ -L h h 



(12) 



AIK-COOLEl) CYUNDERS 

The seven air-cooled cylinders (fig. 7) used in these 
tests were from the following engines: Pratt & Whitney 
1340-H, 1535, 1830, and 1690 engines; and Wright 
1820-F, 1820-G, and 1510 engines. They were 
adapted to the base of a universal test engine (reference 
4). The valve movements and the timing of the single- 
cylinder engines were approximately the same as of the 
multicylinder engines. Slight changes in stroke were 
made on the single-cylinder engines as compared with 
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the multicylinder engines to permit the use of available 
crankshafts. The bore, the stroke, and the compres- 
sion ratio of the cylinders mounted on the single- 
cylinder test stand are given in the following table. 



Cylinder 


Bore 
(in.) 


Stroke 
(in.) 


Compres- 
sion 
ratio 


Pratt & Whitney: 








1340-H.— 


5^4 


6 


5. 52 


1635 


59-16 


5K' 


6. 73 


1830 


5y2 




6. 15 


1690 


63.6 


6 


5. 65 


WriRhf. 






1820- F 


6ir6 


7 


6.64 


1820-G 


6H 


7 


7. 40 


1510 


5 


51.^2 


6.20 



area of the exit of the jackets to the clear area between 
the fins for the 1340-H, 1820-F, 1690, 1820-G, and 
1510 C3^]inders was approximately 2; for the 1535 and 
1830 cylinders, the ratio was approximately 3. 

TEST EQUIPMENT 

An N. A. C. A. Roots supercharger was used to in- 
crease the carburetor-intake pressure during tests with 
manifold pressures greater than atmospheric. A tank 
was placed in the air duct between the supercharger 
and the engine to reduce pressure pulsations caused by 
these units. An electric dynamometer absorbed the 
power and measured the torque of the engine. 




Figure 6.— Set-up of single-cylinder air-cooled engine showing jacket and air duct. 
CYLINDER JACKETS 

In each test, the cylinder was ench)sed in a sheet 



metal jacket open at front and rear. The jacket liad a 
\vi(k^ entrance section giving a low veh)city of apiu'oach 
of the cooling air to the front half of the cylinder and 
fitted closely against the fins over the rear half, resulting 
in a high air velocity in this region. The ratio of the 



The cooUng system consisted of a blower to supply 
the cooling air, an orifice tank to measure the (juantity 
of air, and an air duct between the blower and tlic 
jacket enclosing the cylinder. Baffles and screens were 
located in the air duct to insure a uniform temperature 
and velocity distribution. 
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Figure 7 (a).— Front and rear views of cylinders from Pratt & Whitney engines showing location of thermocouples. 



A 60-kilowatt heater consisting of four groups of 
separately controlled heating elements located in the 
air duct between the blower and the jacket was used for 
varying the temperature of the cooling air. In the tests 
in which the carburetor-air temperature w^as varied, 
temperatures higher than those of the room were ob- 
tained by heating the air with electric heaters placed in 
the intake-air line. For temjXMatures low^er than 
atmospheric, the air to the carburetor w^as passed 
through a radiator submerged in a bath of kerosene into 
wliich carbon dioxide was expanded. 

The standard test-engine equipment was used for 
measuring the engine speed and the fuel consumption. 

INSTRUMENTS 

Iron-constantan thermocouples and a direct-reading 
portable pyrometer were used to measure the cylinder 
temperatures. Tlie thermocou])les were made of 0.016- 
inch-diameter wire and were peened to the cylinder head 
and spot-w elded to the barrel. The temperatures were 
measured on all cylinders by 22 thermocouples on the 



head, 10 on the barrel, and 2 on tlie flange, located as 
shown in figure 7. Thermocouple 12 was a standard 
Navy gasket-type thermocouple placed under the rear 
spark plug. The temperature of the cooling air at the 
inlet of the jacket w as measured near the cylinder by 2 
thermocouples connected to a sensitive galvanometer. 
The temperature of the cooling air at the outlet of the 
jacket was measured by 10 iron-constantan thermo- 
couples. The cold junctions of all the thermocouples 
were placed in an insulated box. Liquid thermometers 
w^ere used to measure the temperature of the air entering 
the orifice tank, of the cold-junction box, and of the 
carburetor intake. 

The pressuj-e drop across the cylinder w^as measin-ed 
by a static tube located in the space ahead of the cylinder 
where the velocity head was negligible. This static 
tube was comiected to a water manometer. A water 
manometer was used to measm-e the pressiu'e in the 
orifice tank and a mercury manometer was used to 
measure the carburetor-intake pressure. 
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Front 



Front 



Front 






Rear 
1S20-F 



Rear 
1820-G 



Rear 
1510 



FiGuiiE 7 (b).— Front and rear views of cylinders from Wright engines showing hjtaiinii df iliorniocouples 



TESTS 

Tests were made of the seven cylinders to determine 
the vahies of a and Tg at various engine speeds, indi- 
cated horsepowers, and mass flows of the cooHng air. 
A list of the test conditions covered is given in table I. 
In each test the engine power, the engine speed, the air- 
fuel ratio, the carburetor-air temperature, the oil tem- 
perature, the spark timing, and the mass flow^ of the 
cooling air were held constant and the cooling-air tem- 
perature was varied. The range of the cooling-air tem- 



peratures in most of the tests was from 80° F. to 230° F. 
The a in a given test for each of the 34 thermocouples 
was determined by plotting the temperature measured 
by the thermocouple against the cooling-air temperature 
and obtaining the slope of the resulting straight line. 

From equation (1) it is evident that, with engine con- 
ditions held constant, //is zero when is equal to Tg; 
and from equation (2) it is apparent that at equilibrium, 
for a constant value of the mass flow, TI is proportional 

to Tj-Ta. 
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Thus, in the foregoing tests when the average tem- 
perature difference between the cyhnder head and the 
cooUng air is plotted against the average head tempera- 
ture, the value of Tn at which T, — Ta is zero is equal to 
Tg. The value of Tg for the barrel may be obtained in 
a similar manner. The procedure is illustrated in 
figure 8. A straight line is drawn through the points 
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Fiui'KE 8.— Values of '1\ for head and barrel of 1830 cylinder: 

Series 

Engine speed, r. p. m 

Indicated horsepower... . 

Indicaie<l mean elToctive i)ressure, Ib./sq. in 

APp/pq. in. of water 

CarbureiiM-air teTiiiicrai urc. F. 

Fuel consumption, Ib./i. lii)./hr. 



4' 
,518 
28. 57 
114. 1 
15. 27 
94 
0. 486 



and extrapolated to the horizontal axis. Because of the 
large range through which the extrapolation is made, 
the value so obtained is approximate. 

Additional tests were made of the 1340-H, 1535, 
1820-F, 1830, and 1510 cylinders, for which the cooling 
conditions and the engine power were held constant 
and the carburetor-air temperature was varied. It was 
necessary to readjust the tlu^ottle setting at each new 
carburetor-air temperature to maintain constant power. 

From equation (7) it is evident that for tliis case 

dTn={\-a)dTg 

or 

T —Ta 
dTg= y y» dTji 

The quantity h is then given by the following expres- 
sion: 

7 dTg Tg— Tg dT ^ 

^-RTrTn-TadTc 



The value of b was obtained as indicated by plotting 
Tn against T^, obtaining the slope, and multiplying by 
{Tg-Ta)l(Tn-Ta), where the values of Tg and Tn 
were taken corresponding to a carburetor-air tempera- 
ture eciual to atinosi)heric temperature. The value of 
h obtained in this manner is approximate but, since the 
effect of variation of Tg on T,, is small, an accurate 
value is not required. 

During each test, observations were made of the 
engine torque, the engine speed, the fuel consumed, tlie 
carburetor-intake pressure and temperature, the spark 
setting, the temi)erature of the air entering the orifice 
tank, the temi)erature of the cooling air entering and 
leaving the jacket, the cylinder temperatures, the pres- 
sure droj) across the orifice tank, the pressure at the 
entrance of the jacket, and the barometric pressure. 

The weight of the cooling air w^as controlled by vary- 
ing the speed of the blower. The carburetor-intake 
pressures were varied either by throttling the intake or 
by boosting with the supercharger. 

Gasoline conforming to Army Specification Y-3557 
and having an octane number of 87 was used for most 
tests. For the most severe conditions, ethyl fluid was 
added to the gasoline in a sufficient amount to suppress 
audible knock. 

COMPUTATIONS 

The engine horsepowers given in this report are all 
observed values and were calculated from the corrected 
dynamometer-scale reading and the engine speed. The 
method of computing the cooling-air weight is given in 
detail in reference 5. 

The cylinder temperatures, the inlet cooling-air tem- 
l)ei-atures, and the outlet cooling-air temperatures were 
corrected for instrument cahbration and cold-junction 
temi)erature. 

The specific fuel consumption was calculated from 
the observed weight of fuel used, the time required to 
use this fuel, and the indicated horsepower. 

The pressure drop obtained from the static tube 
placed in front of the cylinder included both the drop 
across the cylinder and the loss out the exit of the 
jacket. It is denoted by the symbol A^^ in this report 
and is given in inches of water. 

RESULTS 

Experimental values of a.— The experimental values 
of a lor the various points on the cylinder showed no 
consistent trend with either the location or the tempera- 
ture of the points, except that the values on the head 
grouped about a connnon value and the values on the 
barrel grouped about another value. It was also found 
that thermocouple locations on the cyUnder which had 
higher than average a's in some tests had lower than 
av'erage a's in others and, again, no consistent trend 
could be detected. It was, therefore, considered expe- 
dient to average the values of a for the head and the 
barrel separately and to present these values m this 
paper as the correction factors. The values of a are 
shown in table II. 
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Effective gas temperature Tg. — The values of Tg 
were obtaiiUMl in the manner previously described and 
are listed in table I. An average value of Ty was ob- 
tained as re])resentative of tlu^ cylinder for avcrauc* test 
conditions and is listed at \\w bottom of the cohnnn hi 
table I. Most of tlu^ average values for the head and 
the barrel were close to 1,150° F. and 600° F.. respec- 
tively. The largest deviation from these v a hies oc- 
curred lor (he ]()<)() and 1820-F cyhnders and for the 
barrel of the 1535 cylinder. As shown in figure 1. the 
values of vary with the spark timing, the air-fuel 
ratio, and the carburetor-air temperature. The fore- 
going values hold for a normal sf)ark timing, a carbu- 
retor-air temperature of aj)|)r()ximalely S()° K., and an 
air-fuel ratio of ai)proximately 12.5 and agrec^ I'aii'ly 
well with th(^ values given in figure 1. 

Calculated values of a. — The values of a. for the 
various test conditions were calculated, making use of 
equation (4), and are shown in table II. The values of 
Tg used (see table II) were 1,150° F. for the head and 
600° F. for the barrel except for the 1690, 1820-F, and 
1535 cylinders, for which the average values of Tg 
shown in table I were used. The values of T,t, T^, and 
Ta used correspond to the condition in which no heat 
was added to the cooling air by the electric heaters. 
The values of a were calculated for the 1510 cylinder, 
using the values of Ta, Ts, and Tn corresponding to 
maximum cooling-air temperature and are shown in 
table 111. Comparison of these values with the cal- 
culated values shown in table II for the 1510 cylinder 
shows very little difference, as is to be expected. 

The exj)erimental values of a are ])lotted in figure 0 
against the calculated values. A line is (h*awn in (^ach 
figure for a 1:1 correspondence between the calculated 
and tiie experimental values. The points fall about 
each line and, although the scatter is wi(k\ the same 
general trend is indicated. 

Experimental values of b. — The values of h, the ratio 
of increase of 7'^ with increase of carburetor-air tern pei - 
ature, were obtained in the manner already described. 
The variation of cylinder temperature with carburetor 
temperature was small, of the order of 15° F. increase 
in cyUnder temperature per 100^ F. rise in carburetor- 
air temperature. It is apparent that small extraneous 
variations in cylinder temperature due to varintion in 
other conditions would introduce a large percentage 
error in the value of 6; however, because of the small 
effect of variation of Tg on cylinder temperature, the 
value of 6 need not be very accurately known. The 
values of b obtained from several tests of the various 
cylinders are listed in table IV. 

As there is no apparent reason for a large dhference 
between the values of b for the various cylinders, an 
average was taken of all the available values. An 
average value of 0.38 is obtained as compared with the 




.66 .70 .74 .78 

cC(calculafed) 

(a) niO TT cylinder. 
((•> ls2(i F cylitKler. 

ls;^(i (•> liiuit'i-. 
(li) 1 c-ylindcr. 



TJHead)'?. Tg( Barrel) F. 

1.150 600 

1.151 56/ 
1.183 571 
1,230 645 
1.150 600 
1.150 600 
1,150 600 

(b) 1535 cylinder. 
(<1) 1690 cylinder. 
(0 1H20-O cylinder. 



FicruE y.— Experimental against calciilate<l values of a. 

value of 0.58 obtained from figure 1. In the present 
report a value of 6 = 0.5 will be used in makhig the 
computations. The term containing b in e((uation (8) 
occurs only in cases where the carbiu'etor-air tempera- 
ture is allowed to vary with the atmospheiic t(Mn|)(M*a- 
ture and, for these cases, an uncertainty in coiii- 
l)uted value of ax etpial to 50 percent of 6(1— a) will 
exist when the foregoijig value of b is used. In most 
cases, this uncertainty will be a small percentage of ax. 

APPLICATION OF RESULTS 

The correction factors for the variation of cylinder 
temperature with atmospheric temperatin-e will be con- 
sidered for the following cases: 

A. Constant carburetor-air temperature and engine 

power. 

1. Climb at constant indicated air speed to a 

given pressure altitude, 

2. Level flight at a given pressure altitude. 

3. Stationary on ground at a given barometer. 

4. Constant airplane velocity. 

5. Constant mass flow. 

B. Carburetor-air tem])eratuj'e e([ual to and varying 

with atmospheiic temperature; engine power 
varying with carburetor-air temperature ; 
constant manifold pressure; and constant 
engine speed. 
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1. Climb at constant indicated air speed to a 

given pressure altitude. 

2. Level flight at a given pressure altitude. 

3. Stationary on ground at a given barometer. 
C. Maneuvers of short time duration. Constant 

carburetor-air temperature and engine power. 

1. Climb to critical altitude. 

2. Take-off. 

Cases A and B refer to equilibrium conditions and 
case C refers to varying conditions. 

In the following calculations, the values given for 
the Pratt & Whitney 1340-H cylinder in the earlier 
Discussion of the Problem will be used for m and n\ 
The values of 7n and for other cylinders difl'er only 
by a slight amount from these values and will introduce 
only a small difference in a\. 

Throughout the rest of the report, the problem will 
be simplified by taking the average density of the air 
flowing around the cylinder as equal to the atmospheric 
density. Tliis assumption introduces no appreciable 
error as the two densities are practically proportional 
and it is only the percentage density change that is of 
consequence in the analysis. 

CONSTANT CARBURETOR-AIR TEMPERATURK AND ENGINE POWER 

From the relation given earlier, that pAjy may be 
written proportional to p'^P, it is evident in the present 
case (constant engine power) that y=0. It has also 
been stated earlier that z=0 when the carburetor-air 
temperature is held constant. Thus, for the cases 
noted under A, the values of y and in ecf nations (8) 
and (9) are zero and X^./'. TIh' valne of ./• will be 
found for tlu* various cases. 

Climb at constant indicated air speed (A Ij. lu)v 
climb at constant indicated air speed, 

py^=: constant 

where V is the true velocity of the airplane. 
As Ax)=KipV' 
then pAp =pX cons ta n t 

and, thus, a:=l. 

The correction factor a\ may be obtained from figure 
3 for X=1.0 for various values of Ta and Tg; it applies 
for the case of slow climbs in which the final equilibrium 
temperature is very nearly reached. For fast-climbing 
airplanes, the cylinder temperature lags behind the 
equilibrium temperature and the efl'ect of atmospheric 
temperature on the time of duration of the climb must 
also be considered in obtaining the correct factor. This 
case will bo discussed later. 

Level flight at a given pressure altitude (A-2). — At 
the level-flight condition 

KsCj^pV'^Lhp. 

where Kz is a constant and Cd is the drag coefficient. 
If it is assumed that the thrust horsepower remains 



constant for a constant engine power and that the drag 
coefficient is practically constant at the maximum- 
velocity condition in level flight, then 

p] "3 ^constant 

and, since A2y = KipV^ 

pAp = p^(^^ X constant = p^-^^^X constant 

For this case 3:= X= 1.333. 

Stationary on ground at a given barometer (A-3). — 
From reference 6 a relation may be obtained between 
the nondimensional quantity '\lAp/p^nD and the non- 
dimensional power coefficient P/pn^D^ for a cowled 
engine stationary on the gronrid. This relation may be 
approximated by 

where n, propeller speed. 
Py propeller power. 
D, propeller diameter. 
Ki, a constant. 
fl, an exponent. 

The exponent d may be taken as a constant for a given 
propeller and cowling combination and for a short 
range of variation of P/pn^D^. The values of d obtained 
from reference 6 were found to lie between % and ji. 
From the preceding relation for a given engine power, 
engine s])eed, and propeller, is proportional to 
p^"*^, and pAp is proportional to p^'"^. The value of 
X for tliis case lies between 1.50 and 1.666. As may 
be seen from figure 3, there is only a small difference 
between the values of ax for these two values of X. 

Constant airplane velocity (A-4). — The case of sub- 
stantially constant airplane velocity with variations in 
atmospheric temperature occurs in level flight when the 
carburetor-air temperature and engine power are al- 
lowed to vary. This case will be taken up in section B. 
In some acceptance tests on a dynamometer stand, 
however, a constant air velocity is maintained irre- 
spective of atmospheric temperature while carburetor- 
air temperature and engine power are held constant. 
The following factors apply in correcting the average 
head and barrel temperatures obtained in these tests 
to a standard cooling-air temperature. 

y= constant 
pA2?=-K'ip^F^=P"Xconstant 
X=2 

The correction factors for this case are the highest of 
those obtained. CampbeU (reference 1) found that, 
for constant velocity, constant power, and constant 
carburetor-air temperatiu'c, a\ was approximately 1.1 
for the thermocouples on the head of the cylinder tested. 
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Correspondiii.u- to aii nir temperature of 70° F. (the 
mean of Campbell's temperal iir(^s), a value of Tg of 
1,150° F., and an average ol" his cylinder temperatures 
on the head of 358° F., figure 2 gives a value of a of 
0.73. With this a and a vahie of 7; of 70° F., figure 3 
shows that, for eoi^stant velocity (X=2), ax is a])proxi- 
mately 1.0. 

Constant mass flow (A -5). — It is advisable in ac- 
ceptance tests conducted on the dynamometer stand, 
whenever possible, to maintain a standard mass flow, 
because then there is no corivclion necessary for varia- 
tion of pAp since 

p Ay; = iv 1 = constant 

X = 0 and oL\=a 

CARBURETOH-AIK TEMPERATURE EQUAL TO AND VARYING WITH 
ATMOSPHERIC TEMPERATURE 

Cases where the carburetor temperature is equal to 
and varies with the atmospheric temperature will now 
be c()nsid(»red. For these cases z=l. 

Climb at constant indicated air speed to a given pres- 
sure altitude (B-1). — The angle of attack for optimum 
climb for an airplane equipped witli a constant-speed 
propeller depends more on the angle of attack for mini- 
mum horsepower required than on the horsepower 
available. It nniy therefore be assumed that the slight 
variation in horsepower available due to temperature 
change will not appreciably affect the indicated air 
speed for optimum climb. As in the case of A-1 

pAp = Kip^ V^=pX constant = pP X constant 
Thus a:=l and y=0 

and from equation (9) 

X = [l+^(o-^)]=l-0.941^0.059 

Level flight at a given pressure altitude (B-2). — In 
level flight at full open throttle, pT^ is approximately 
proportional to the thrust horsepower. If the thrust 
horsepower is assumed proportional to the indicated 
horsepower of the engine. 



Thus 



pAp= KipW^= p' 7» X constant 



?/ = 3 



As 



Stationary on ground at a given barometer (B-3). — 

3 in case A -3, _ 

pHD—^\pn'I^/ 



On (lie assumption that the propeUer jjower is pro- 
portional to tlic incHcatcd liorsepowor and tliat tlie 
engine speed is iiokl constant, 



Thus 



md 



When 



p\V=K,^^=K,p^-'P 



x=2—d y=d 



X=:|^2-(^H-i((/- 1.882) J=1.059-| 



d=~ X = 0.89 

d=^ \ = 0.8l 

The values of x, 2, and X for the various conditions 
considered are listed in table V. Calculated correction 
factors for the various conditions for several values of 
atmospheric and average head and barrel temperatures 
are also given in the table. The value of Tg in the com- 
putations was taken as 1,150° F. for the head and 600° 
F. for the barrel. The maximum cylinder-head tem- 
perature was assumed to be 125° F. higher than the 
average head temperature and the maximum cylinder- 
barrel temperature was assumed to be 30° F. higher 
than the average barrel temperature. Differences 
between the maximum and the average cylinder-head 
temperatures as low as 40° F. are being obtained on 
modern cylinders. For conditions B, in which the 
carburetor-air temperature was varied, the quantity 
(1 — a)6 w^as added to the value read from figure 3 to 
obtain the value of ax in the table. 

MANEUVERS OF SHORT TIME DURATION 

Climb to critical altitude (C-1). — The case of climb 
at constant indicated air speed from a pressure altitude 
of Pq to a pressure altitude of p at constant indicated 
horsepower, engine speed, carburetor-air temperature, 
and air-fuel ratio will now be considered. The rate of 
chmb or vertical ascent will be assumed to be practi- 
cally independent of atmospheric temperature. The 
height of the climb in feet is given in reference 7 as 

Z= 122.9 (2 +460) logj^ 

Then the time of climb may be obtained by the equa- 
tion 



where r, is the rate of clind), ft. |)er min. 

From the equation for tinu^ of climb, it is evident 
that the value of u in c(iuation (12) is —1. The 
present climb condition corresponds to the condition 
A-1, from which the value of \ = x=l is obtained. If 
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the last term of equation (12) is omitted as negligible, 
the increase in cylinder-head temperature with an 
increase in atmosplieric temperature of dTa at the 
pressure altitude ]> and an increase in tlu^ average 
atmos|)lHMM(' temperature of ^/7'is givcMi by 



where 



dTn= a\d Ta^oiidT 



7+460 



{\ — ma)r 



The magnitude of the factor «/, which was intro- 
duced by the variation of the time of climb wdtli the 
mean atmospheric temperature between the pressure 
altitiid(* />„ and j>, \\\\\ now W investigated. Figure 10 




10 



20 



30 

Figure lO.— Variation of correction factor with Th— Tht. 



60 



Th-Th. 



T+460 



-°(l-77la)r 



shows at plotted against Tn—T,n. The values of a, 
m, and T were taken as 0.8, 0.336, and 0° F., respec- 
tively. Curves are given for values of Tn — Tf,Q of 
100° F. and 150° F. It is seen that, when the cylinder 
temperature lacks only 10° F. of reaching its equilib- 
rium value, the value of at is 0.04. When the equilib- 
rium temperature is reached, as in a slow chnib, 
Th—Tft^ = 0 and at=0. This case reverts to the case 
A-1. The maximum value of at for Th—ThQ=lOO is 
0.06 and, for other values of Tn—Tn^, is in the direct 
ratio of Th—T^Q to 100. Although it is rarely known 
by what amount the cylinder temperature lags behind 
the equili])]-ium temperature in an actual climb test, 
figure 10 is of interest in showing tlie magiiitude of the 
error that might be expected in neglecting a,. In some 
cases, where the value of T„—T,,i is known ronglily, llu^ 
value of at can be estinuited. 

A method of estimating Th—Tm in (Uglit for a cowled 
engine provided with adjustable cowling flaps is to 
record the cylinder temperatures and the test con- 
ditions at the top of the climb and then to fly in level 



flight at the final altitude with the flaps adjusted to 
restrict the pressure drop across the cylinders to that 
obtained in the chnib with the same engine conditions 
and again to record the cylinder temperatvu'es. It 
should be borne in mind, however, that the two cooling 
conditions may not be entirely equivalent, as a differ- 
ence in the tin-bulent air movement in front of the 
cylinder may be expected. 

It is evident, from the foregoing considerations, that 
the cylinder temperatures at the end of a climb depend 
not only on the engine and cooling conditions prevail- 
ing at that time but also on their history during the climb. 
An ideal case was discussed in which the engine condi- 
tions were held constant during the climb. In climb 
tests as they are performed at present, the throttle 
is set at a definite stop at sea level and is adjusted to a 
new position at a prescribed altitude to bring the mani- 
fold pressure up. The mixture control and the car- 
buretor-air temperature are set at sea level and are 
usually not again adjusted unless the engine functions 
improperly during the flight. It is known that the 
mixture becomes richer for a given control setting as 
the altitude is increased. The manifold pressure drops 
between the two altitudes at which it is adjusted. Even 
the maintenance of a constant manifold pressure does 
not insure constant power, as the charge to the engine 
depends also on the exhaust back pressure. Thus, 
until more complete control of the engine conditions 
can be maintained during the climb, good correlation 
of the temperature data for this flight condition can- 
not be expected. For an engine provided with cowling 
flaps, more accurate data can be obtained by flying the 
airplane in level flight at the critical altitude with the 
flaps adjusted to provide the same pressure drop as is 
obtanied in climb. The temperatures obtained in this 
manner would be close to the equilibrium temperatures 
corresponding to the engine and cooling conditions in 
climb at the critical altitude. 

The following example is given as an illustration of 
the variation of cylinder-head temperature in a climb. 
The airplane is assumed to be provided with a 9- 
cylinder Pratt & Wliitney 1340-H engine operating at 
550 horsepower. The climb is assumed to take place 
at a cojistant indicated air speed that provides a con- 
stant pressure dro]) A/> of 4.7 inches of water across the 
cylinders. The weight of the cylinder head is 18.86 
pounds and the specific heat is 0.25 B. t. u. per lb. per 
°F. for aluminum. The average cylinder-head tem- 
perature just before entering into the climb is assumed 
to be 300° F. A clijnl)ing speed of 2,700 feet per minute 
is assumed. The temperatures and densities corre- 
spond to tlie standard altitude, (reference 7). The 
ror(»going values were substituted in e((uation (11). 
The values used for Ka^, Bai, 7m, and are those 
obtained from the single-cylinder-engine tests. The 
value of K would probably be somewhat difl'erent for 
the cowled engine in flight. The calculated average 
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cylinder-head temperature at each 1,000 feet of 
altitude up to 7,000 feet is shown in the following table. 
The equilibrium temperature Tn that would be reached 
at each altitude, if the engine temperature responded 
instantaneously to a change in conditions, is also 
listed in the table. 



Altitude (ft.) 


Tk (°F.) 




0 


450 


300 


1,000 


450 


337 


2,000 


450 


3()3 


3,000 


450 


384 


4,000 


450 


4(HJ 


5,000 


450 


412 


6,000 


451 


421 


7,000 


451 


428 



It will noticed that, for this case, the equilibrium 
temi)orature 7\ is the same at sea level as at 7,000 feet, 
the effect of the decrease in density behig compensated 
by the effect of the decrease in atmospheric temperature. 
The actual temperature Tm still lacks 23° F. of attain- 
ing equihbrium at 7,000 feet. 

Take-ofF condition (C-2). — In the takcvoff, the engine 
is first warmed up until the oil i-eaches the desired tem- 
perature. The throttle is then opened to the manifold 
pressure for take-off and the airplane is put into motion. 
In general, the pressure drop availabk^ in take-oflf is not 
suflicient to cool the engine at the high power take-off 
rating. Because of the heat capacity of the cylinder 
material, however, the temperatures increase at a finite 
rate with time and the final temperature reached at the 
instant of take-off depends, other factors remaining 
constant, on the time of duration of the take-off run. 
The thne duration of the take-off run for ]and|)lanes is 
usually in the neighborhood of 10 to 20 seconds mid, 
in this short time, the cylinder t(Mnp(M-ntnres are con- 
siderably less thaji the etiuilibrium tcMiipcM-nture for the 
horsepower and the coohng-pressure drop involve^!. 

As an illustration, consider an nirphme e(iui|)ped 
with a Pratt & Whitney 1340-H cylinder that, in being 
warmed up preparatory to take-off, has attained an 
average cylinder-head temperature of 800"^ F. The 
throttle is then opened to provide a ])ower of 550 
horsepower, or 61.1 horsepower per cylinder, at a pro- 
peller speed of 1,500 r. p. m. For a typical cowling 
and propeller combination, a value of 0.177 was ob- 
tained from reference 6 corresponding to the present 
value of is in revolutions per second, nnd Ay? 

is in pounds per square foot). Then 

A/) = 3.75 in. of water. 

It is shown in reference 6 that, for low airplane speeds, 
the pressure drop depends mainly on the propeller 
sUpstream and that, as a good approximation. A/; can 
be assumed to remain constant up to the take-off 
velocity. 

The average cylinder-head temperature for equilib- 
rium at the given power and pressure drop may be 



obtained from equation (3). The value of Tg is taken 
as 1,150° F. and of Ta as 59° F. 



T —T 



1,150-59 



' KaoiApp/poY ^ 



"r„= 78.1(3.75)Q-^ ^ 
5.22(61. ir^^"^ 



-59 



=469° F. 

Inasmuch as the engine and cooling conditions remain 
constant during th(^ run. ecjuntion (11) maybe used: 

A=Ka,(li>plp^Y'+Tki,r" 
= 78.1 (3. 75)0-^^ + 5.22(61. 1)"-''= 195 

The weight of the head .1/ is 18.86 pounds and the spe- 
cific heat c for aluminum is 0.25 B. t. u. per lb. per °F. 
so that 

cM ^^-Mir. 



'A, = 409 - (469 - 300)e-^'-»' =4(59 - 1 ()9e 



where t is in hours. 

On the assumption that the take-off run requires 10 
seconds, the vnlue of T;,^ over this period is given by 



t (sec.) 


0 


2 


4 


0 


8 


10 


n, (°F.) 


300 


304 


307 


311 


315 


318 



It is seen that, for this case, the average head tem- 
])erature increases only 10.() i)ercent of the difference* 
l)(M\v(MMi initini nnd the fifinl (M| iiilihri mn t(Mn|)(M'}i- 
tur(\ 

The time ixMpiired for Inke-olf varies inversely as the 
s()u;ire root of the atmospluM-ic density and it is a simple 
matter to calculate thi^ (vHect of variation of atmos- 
])heric conditions on the tem])erature rise of the cylinder 
during take-off'. The cyhndci- ((MnpcM iit nre at the time 
of take-oft' depends mainly ou the initial temperature 
of the engine and therefore dei)ends on the instructions 
followed by the pilot in warming u]) the enghie. For 
example, if the pilot is instructed to warm up the engine 
to the same temperature at the start of the take-off run 
irrespective of atmospheric temperature, then variation 
of atmos])heric tein])erature will have only a small effect 
on the cylinder teni])eralure :il tnke-off. 

As an illustration, refer to the case just considered 
of take-off at a given engine power, a given carburetor- 
air temperature, and a given engine speed. The in- 
crease in ( vlin(l(M-head temperature is given by equa- 
tion (12), where now To=Ta=T. Equation (12) 
becomes 



(ITj 



dTa 



ho 



0 T+4Q0 



(7nax+u)r+ 



■axo) 
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where is the variation of the initial head teni])ora- 
ture and ax is the variation of the final equilihriiini 
head temperature Tn with atmospheric temperature. 
From the vahies of Tg, and Ta previously obtained, 
a value of ^=0.63 is calculated from equation (4). 
Since the pilot is assinned to warm up the engine to the 
same temperature prior to take-off independent of 
atmos])heric temperature, is equal to zero. If the 
take-oif occurs at a constant indicated air speed, as 
previously mentioned, the time for take-off is inversely 
])ro])()rti()mi1 to tlie scjimi-c root of the density 



from which there is obtained n^ — Yi, (See develop- 
ment of equation (12).) The value of x as given by 
condition A-3 will be used because only a sinall change 
in -yj^pjin with airplane velocity in the take-oil' range is 
indicated in reference 6. 



x=X = 0.5 to 0.660 

Using values of x=0.5, q:=0.63, «xo=0, u=- 
7^ = 0.34, the foregoing equation becomes 



and 



dTn,_OA {T,- T„^)r 
(IT, 



iht- 



0.4X169r , 



Tn-T 



0.106ax 



59+460 
= 0.13r + 0.106ax 

The maxinuini vaUie that^ /can haxc is 1 and 
mum value of 0.13a' is 



h(* inaxi- 



0.13 



2.718 

For the present case, however, 
T T 



=0.05 



Tn-T, 



= 1-0.106 = 0.894 



"0 



and r=0.10 (fig. 4) 



dTa 



0. 130X0. 10 + 0. 106ax=0.01 + 0.l06ax 



The value of q;,(X = 0.5, 1,150, 7;=59, a = 0.63) as 
obtained from fieiure 3 is 0.72 and 



'=0.08 



It is evident that the efl'ect of atmospheric temperature 
on the take-off tem])e]-ature in the ])resent case is small. 

Attention is directed to the fact shown by the cal- 
culations that the power in take-off can be increased con- 
siderably and still not result in dangerous cylinder 1h\'h1 



and barrel tem])eratures if the temperatures of the 
cylinders just prior to take-ofi' are low. Piston temper- 
atures, however, will respond more rapidly to a sudden 
increase in engine ])()\v(M' and may b(^ limiting factor. 



SUMMARY OF METHOD OF DETERMINING CORRECTION FACTORS 
FOR VARIATION OF CYLINDER TEMPERATURE WITH ATMOS- 
PHERIC TEMPERATURE 

Reference to equation (8) or figure 3 shows that the 
correction factor ax (change in cylinder temj)erature per 
degree change in atmospheric temperature) may be 
detennined when the values of T^^ 7',, a, and X arc* known. 
As pointed out in the discussion following eciuation (8), 
the values given in figure 3 do not include the last term 
in equation (8), 2h{\ — a). \^nien the carburetor-air 
temperature is held constant, z is equal to zero and this 
term reduces to zero. When the carburetor-air t(Mn- 
perature is allowed to vary with the atjuospheric tem- 
perature, z= \ and this term becomes 6(1 — a), where b 
may be taken equal to 0.5. This small correction must 
be added to the value of a\ obtained from figure 3 for 
the case of z=\. When the exact value of Ty is not 
Ivnown, it is seen from figure 3 that a value of 1,150° F. 
for the head and of 600° F. for the barrel may be chosen 
without introducing appreciable error. The value of X 
corres})on(ling to the condition under consideration may 
be obtained from table V. It may also be determined 
from equation (9), as previously shown. The basic 
correction factor a (change in cylinder temperature per 
degree change in cooling-air temperature wdien mass 
flow of cooling air, engine j)ower, and carburetor-air 
temj)erature ai'(* lu^ld constant) may be determined from 
(equation (4) or ligui'c 2 when 7',, 7';, 7^, and 1\, are 
known; 1\, is the atmos|)heF-ic temperature, Tn the 
average head temperature, and 1\ the average barrel 
tempcn-ature. As may be seen from figure 2, the as- 
sumed values for Tg may also be used for determining a 
without introducing an appreciable error. 

In many i)ractical cases only the maximum head and 
barrel tem])eratures and the atmospheric temperature 
are obtained in the tests. The dift'erence between the 
average head temperature and the maximum cylinder 
temperature depends on the type of finning and baf- 
fling; the better the fliiiiiuLi, of course, the smaller the 
difl'erence. In the follow uig table are given the approx- 
imate differences between the average head and the 
maxinunu cylinder temperatures for the cylinders 
tested. 



Cylinder 


Temperature 
dilTerence(°F.) 


Pratt & Whitney: 




134()-H 


150 




50 


I r):i-) (flight)" IIIII^-l""""""" 


100 





f)0 


1090 _. 


90 


Wright: 


1820-F _.. 


70 


1820-O 


40 


1510-.. 


90 
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The average barrel temperature is of the order of only 
30° F. lower than the maximum and can be quite closely 
estimated. From figure 2 it ma}^ be seen that an error 
of 25° F. in the estimated value of the average head 
temperatm^e will cause an error in the value of a for 
the head of 0.03; an error of 10° F. in the estimated 
value of the average barrel temperature will cause an 
error in the value of a for the barrel of 0.02. 

The preceding method is ilhistrated with the following 
example. An engine is tested in level flight and a 
maximum head temporatme of 425° F. and a maximum 
barrel temperature of 250° F. are obtained at a cooling- 
air temperature of 20° F. The engine is provided with 
an air heater adapted to maintain a standard tempera- 
tme at the carburetor of 70° F. It is desired to deter- 
mine the value of the maximum cylinder temperatures 
if the cooling-air tempera tin-e were 70° F. at the same 
altitude and engine condition. If it is assumed that 
the average head and barrel temperatures are 125° F, 
and 30° F. lower than the respective maximum tempera- 
tures, the values of T,, and are 300° F. and 220° F. 
Corresponding to these values of T/, and and to a 
value of Ta of 20° F. and T, of 1,150° F. and 600° F. 
for the head and the barrel, respectively, figure 2 shows 
a value of a for the head of 0.73 and for the barrel of 
0.68. From table V, case A-2, a value of X of 1.33 is 
obtained. The required correction factors ax corre- 
sponding to the values of X, a, Tg^ and Ta are read from 
figure 3. The values obtained are ^x = 0.93 for the 
head and 0.80 for the barrel. The maximum cylinder 
head and barrel temperatures, corrected to a cooling- 
air temperature of 70° F., are then 472° F. and 290° F., 
respectively. 

The correction factors for a number of test condi- 
tions are included in table V. For each condition, the 
factors were determined for average head temperatures 
of 350° F. and 275° F., average barrel temperatures of 
300° F. and 225° F., and atmospheric temperatures of 
100° F. and 0° F. These values bracket the usual oper- 
ating range. For most test conditions, the variation of 
the correction factor over this range is small and an 
average value may be used. Where a large variation 
exists, the correction factors corresponding to a desired 
set of conditions may be obtained by interpolating be- 
tween the values given in table V. In this connection 
it should be noted that a probable uncertainty of ±5 
percent exists in the values of the correction factors. 
Approximate maximum head and barrel temperatures 
are also listed in the table and were obtained by adding 
125° F. to the average head temperature and 30° F. to 
the average barrel temperature. 

GENERAL REMARKS 

The dependence of cylinder temperatures on the 
engine power, the air-fuel ratio, the carburetor-air tem- 
perature, the pressure drop of cooling air across the 
cylinder, and the cooling-air temperature has been 
shown. It has also been shown that the correction | 



factor for variation of cylinder temperature with at- 
mospheric temperature depends on the type of flight 
or test to which it is to be applied. Correction factors 
have been obtained for several ideal cases. Various 
airplanes, however, have difreront lofniomonts of equip- 
ment for controlling the engine and cooling factors and 
therefore present separate problems. These problems 
can be readily investigated by the methods illustrated. 

Obviously, when cooling tests are made for accurate 
comparisons of cylinder temperatures, the factors that 
are not intentionally varied should })e held as closely 
as possible to a standaid and should be nu^asured in 
order that corrections may be applied for snudl \ aria- 
tions from the standard. 

It is the practice at present to use the temperature 
of the rear spark-plug gasket as the index of the cooling 
of a cylinder. The temperature of the rear spark-plug 
gasket has been found to depend on the condition and 
construction of the plug, the cleanness of the plug, and 
the tightness with which it is inserted in the cylinder. 
For these reasons, the temperature of the rear spark- 
plug gasket may at times give incorrect indications of 
the cooling of a cylinder. The comparison of the cooling 
of a cylinder based on the reading of a single thermo- 
couple may be misleading and it is recommended that 
the average of a number of thermocouples located at 
standard positions on the head and the barrel be used 
to obtain average head and barrel temperatures. 

In a multicylinder engine, vai'iations of as much as 
50° F. occur between the maximum temperatures of the 
various cylinders. This fact tends to complicate the 
problem of correlating the temperature data obtained 
on such engines. An average of the maximum tem- 
peratures for all ('ylind(M's would give the best 
correlation. 

Although the methods in this pai)er a])ply for correct- 
ing the average head and barrel temperatures, the mag- 
nitude of variation of these temperatures indicates 
closely the magnitude of variation of the maximum 
cylinder temperatures to be expected. 

In the computations, various additional refinements 
that might have been considered would have introduced 
small corrections. For example, it was found in the 
present tests that heating the cooling air tended to 
reduce the weight of the charge and the engine power 
even when the carburetor-air tem])erature and tlie 
manifold pressure were held constant. 

In the consideration of the supercharged engine, the 
assumption was made that a 1° F. variation in carbu- 
retor-air temperature causes a 1° F. change in inlet 
manifold temperature. This assumption is only a rough 
ap])roximation, as compression by the su])ercharger, 
cooling of the compressed charge, and evaj)oration of 
the gasoline would alter the relationship. The effect 
of carburetor-air temperature on cylinder temperature 
for a constant engine power is small, however, and it 
was not considered worth while to make a more accu- 
rate analysis. 
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Tests of one cylinder were made to determine the 
effect of oil temperature on cylinder temperature. It 
was found that a variation in oil-out temi)erature from 
128° F. to 171° F. caused only a very small chano;e in 
cylinder temperature. Although the majorit}^ of the 
thermocouples indicated a slight increase, some of the 
thermocouples showed a decrease. The quantity of oil 
circulated was found to have a greater eifect. 

The correction factors in the present report apply to 
the case where the engine is not detonating. When de- 
tonation occurs, the engine temperature changes more 
rapidly with atmospheric temperature because the in- 
tensity of detonation is also affected by the change in 
temperature. 

CONCLUSIONS 

1. The values of the cylinder-temperature correction 
factors for cooling-air temperature for constant engine 
conditions and constant mass flow calculated from 
semiempirical equations agree reasonably well with the 
experimental values. 



2. The cylinder-temperature correction factors are 
lowest for the constant-mass-flow condition and highest 
for the constant-velocity condition. 

3. The cylinder-temperature correction factors for a 
fast climb are slightly higher than those for a slow 
climb when the cylinder temperatures do not attain 
equilibrium in the fast climb. 

4. A change hi carburetor-air temperature affects 
the cylinder-temperature correction factors by chang- 
ing the effective gas temperature, but the effect is small. 

T). Tt is r(M'()mmende(l that the average of a number 
of thermocouples on the cyhiuUn- head and barrel be 
used as a measure of the head and barrel temperatures. 
A shigle thermocouple, especially one located on the 
rear spark-plug gasket, may give misleading results. 



Langley Memorial Aeronautical Laboratory, 
National Advisory Committee for Aeronautics, 
Langley Field, Va., June 20, 1938. 



APPENDIX 



SYMBOLS 

ao, outsido wall area of head of cylinder, sq. in. 

ai, internal area ofjiead of c^dinder, s(i. in. 

b, ratio of change of efi'ective gas teniperatm*e 

(Tg) to change of carburetor-air tempera- 
_tiire (Tc). 
B, BaJ-'T,+Ka,{^pplpn 
B, constant. 

c, specific heat of metal in cylinder head, B. t. u. 

per lb. per °F. 
drag coefficient, 
rf, exponent. 
T), propeller diameter, ft. 

//, heat transferred per unit time from combustion 

gases to cylinder head, B. t. u. per hr. 

7/1, heat transferred per unit time from cylinder 
head to cooling air, B. t. u. per hr. 

7, indicated horsepower of each cylinder. 

K, 7li, 7l3, K^, 7^5, K^, constants. 

m, exponent. 

Mj weight of cylinder head, lb. 

n, propeller speed, r. p. s. 

n', exponent. 

Po, pressure at initial altitude of climb, in. Hg. 
7?, pressure at final altitude of climb, in. Hg. 

P, propeller power (brake horsepower), ft. -lb. per 

sec. 

T T T 7' 

Vj rp rfr~ lOge Tp TjT^ 

time, hr. 

Ta, inlet temperature of cooling air, ^F. (tempera- 
ture of atmosphere). 

Tft, average temperature over the cylinder-barrel 
surface when equilibrium is attained, °F. 

Tc, temperature of carburetor air, °F. 

Tg^ efi'ective gas temperature, °F. 

T„y average temperature over the cylinder-head 
surface when equilibrium is attained, °F. 

T, average temperature of atmosphere during 

maneuver, °F. 

Toy temperatin-e of atmosphere at time /=0, °F. 

r„Q, average temperature of cylinder head at time 
/=0, °F. 

T,n, average temperature of cylinder head at time 

/, °F. 
Uj exponent. 



Vc, rate of climb, ft. per min. 

F, true velocity of airplane, m. ]). li. 

:/•, y, z, exponents. 

Z, height of climb, ft. 

a, i)asic temperature correction factor; change in 

cylinder temperature per degree change in 
cooling-air temperature; mass flow of cooling 
air, engine power, and carburetor-air tem- 
perature remaining constant. 

a\, correction factor for any test condition when 
eqiulibrium is attained; change in cylinder 
tempei-ature per degree change in atmos- 
pheric temperature. 

ax^,, correction factor for any test condition at time 
^=0; change in cylinder temperature (T^q) 
per degree change in cooling-air tempera- 
ture (To)- 

aty correction factor during a climb; change in 

cylinder temperature per degree change in 
atmospheric temperature. 

p, average density of cooling air, lb. ft.~^ sec.^ 

(average density of the air entering and leav- 
ing the fins). 

Po, density of air at 29.92 in. TTg and 70° F., 11). 

ft.--^ sec.2 

A/>, pressure drop across cylinder, in. of water 
(includes loss out exit of bafiie). 
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Table L— TEST CONDITIONS FOR EFFECT OF COOLING-AIR TEMPERATURE ON CYLINDER TEMPERATURE 



Cylin- 
der 



1820-F 



Series 



2... 
3... 
4.._ 
4'.. 
5... 
7... 

v.. 

8'.- 
0... 
9'.- 
10.. 
11.. 
11'. 
14.. 
15.. 
16.. 
17.. 
18.. 
19-. 



1.. 
2.. 
3.. 
3'. 
4.. 
4'. 
5'. 
6 . 
()'. 

r. 

8.. 
9_ 
10. 
11. 
12. 
14. 
>2l 



9... 
10.. 
11. _ 
13_... 
14. 



Indi- 
cated 
horse- 
power 



37.71 
41.25 
29. 70 
56. 50 
50. 19 
41.64 
32.10 
40. 40 
33.00 
28.58 
27.87 
40.00 
44. 95 
(i2. 60 
42. 40 
42.01 
47. 97 
33. 18 
41.25 
47. 98 



26.0 
26.1 
26.2 
29.3 
32.5 
36.8 
32.4 
37.3 
31.9 
24.3 
28.2 
31.8 
31.5 
36.4 
26.3 
26.3 
32.5 
26.4 



37. 27 
37.21 
37. 33 
37.13 
49. 22 
43. 32 
31.79 
51.86 
44. 65 
30. 02 
49. 00 
57. 45 
47. 44 



Indicated 

mean 
effective 
pressure 
(Ib./sq. 
in.) 



123.2 
133.6 
97.7 
137.6 
140.8 
136.4 
107.6 
134.9 
110.4 
97. 3 
97. 2 
137.0 
150.6 
150. <» 
146.4 
101.4 
164.7 
111.8 
140.4 
115.7 



118. 1 

118.0 

118.8 

121.0 

122. 1 

125.2 

122.7 

169.5 

144.35 

1 10. 6 

127.8 

143.8 

143. 8 

124.3 

119.5 

119.2 

122.3 

119.0 



95. 42 
95. 40 
95. 44 
95. 29 
99. 23 
97.42 
93. 64 
132. 68 
114. 16 
76. 65 
m. 06 
147.36 
98. 58 



Engine 
speed 

(r. p. 

m.) 



1,556 
1,569 
1,545 
2,082 
1,821 
1,551 
1,515 
1. 521 
1,518 
1,492 
1,456 
1,480 
l..=il5 
2, 110 
1,470 
2, 104 
1.480 
1,508 
1,491 
2, 106 



1,500 
1,503 
1,501 
1, 652 
1,809 
2,001 
1,801 
1,499 
1,503 
1, 497 
1,502 
1,503 
1,489 
1,997 
1,499 
1, 500 
1,808 
1,508 



1,500 
1,498 
1,502 
1,497 
1,905 
1,708 
1,304 
1,501 
1,502 
1, 504 
1,900 
1.497 
1,848 



Indicated 
fuel con- 
sumption 

(Ib./i. 
hp./hr.) 



0. 457 
.453 
.438 
.461 
.4^8 
.461 
.439 
. 472 
.442 
.420 
.437 
.479 
. 476 
.464 
.471 
.469 
.501 
.508 
.548 
.412 



0. 453 
.458 
.449 
.443 
.434 
.431 
.431 
.490 
.470 
.440 
.455 
.475 
.475 
.445 
.451 
.453 
.444 
.455 



0. 457 
.458 
.459 
.455 
.444 
.446 
.469 
.495 
.481 
.428 
.442 
. 502 
.445 



(in. of 
water) 



Carbu- 
retor-air 
temper- 
ature 
C°F.) 



17. 37 
17. 60 
18. 89 
17. 26 
17.24 
16.35 
18. 03 
17.44 
12.71 
9. 73 

13. 46 

14. 53 
1(). 33 
18.01 
17. 49 
17. 94 
18.18 
15.20 
13. 77 
14.49 



Average. 



17. 92 
12. 75 

8. 02 
16. 47 
16. 14 
16. 47 
15. 90 
15. 26 
15.41 
15.20 
15. 65 
15.63 
15. 39 
15. 57 
12. 58 

7. 77 
15.60 
15.30 



94 
97 
91 
97 
85 
86 
92 
109 
101 
95 
90 
105 
103 
91 
97 
87 
83 
82 



Average., 



14.47 
6.63 
9.29 
11.51 
14.69 
14. 66 
14. 82 
15. 00 
14.79 
14.74 
14.61 
13. 10 
11.49 



76 
76 
97 
103 
98 
92 
91 
82 
94 
96 
99 
87 
96 



Average. 



Head 



1,155 
990 
1,007 
1,400 
1, 113 
1,373 
1, 150 
1,120 
1,150 
1,040 
1,142 
1, 134 
1,158 
1,273 
1,142 
1,089 
1,139 
1,065 
905 
1,180 



1,136 



1,105 
1,098 
1,045 
1,100 
1,060 
1,107 
1,126 
1,300 
1,140 
1, 105 
1, 175 
1,095 
1,304 
1,303 
1,168 
1,178 
1, 174 
1, 140 



1, 151 



1, 100 
1,480 
1, 100 
1,495 
1,070 
1, 185 
1,100 
1, 230 
1, 195 
1,040 
1,035 
1,230 
1,100 



1, m 



Barrel 

(°r.) 



585 
535 
557 
()67 
679 
6,31 
580 
584 
592 
563 
474 
592 
()58 
622 
599 
56;^ 
592 
6;i5 
657 
601 

598 



648 
637 
485 
465 
540 
534 
500 
558 
530 
579 
572 
469 
580 
575 
611 
646 
620 
545 



600 
710 
710 
880 
600 
620 
645 
625 
735 
550 
530 
875 
640 



Cylin- 
der 



1820-G 



1510 



1... 
V 

2... 
2'._ 
3... 
3'-- 
<4... 



3... 

3'.. 

4... 
(4'.. 

5... 

5'.. 

5".. 

5'". 

6.. 
V8... 



Indi- 
cated 
horse- 
power 



12.. 

13.. 

14.. 

15.. 

16.. 
,17.. 
U8.. 

19., 

20.. 

21. 

24. 

,29. 



1. 

1 

3" 
4. 
6. 
7.. 
8. 
9. 
10 
11. 
13 
,14, 



35.06 
35. 16 
35.02 
34.91 
27. 77 
35. 03 
40. 83 
35. 13 
34.87 



35.06 



32.41 
32. 33 
32. 34 
32. 34 
32. 25 
35. 86 
28. 57 
32.01 
44.67 
40. 18 
35. 80 
44. 61 
36. 06 



37. 59 
37. 95 
37. 45 
37. 43 
47. 56 
42.64 
32.91 
32.21 
45. 39 
50.16 
51.09 
50. 02 



24.4 
24.3 
23.8 
24.3 
37.1 
28.4 
32.4 
27.2 
21.2 
33.8 
21.2 
24.2 



Indicated 

mean 
effective 
pressure 
(Ib./sq. 
in.) 



104. 6 
104.6 
104. 6 
104.5 
82.3 
104.2 
121.0 
104.4 
104.1 



104.4 



130. 6 
130.8 
129.4 
129. 5 
129.2 
144. 2 
114. 1 
129.2 
135. 6 
133.4 
131.7 
135.6 
144.3 



96.0 
96.9 
95.2 
95.5 
121.6 
108.7 
83.9 
95.0 
99.4 
101.4 
102.9 
101.4 



118.2 
118.0 
117.7 
118.0 
129.0 
122. 5 
125.0 
132. 1 
103. 5 
165.0 
103.0 
118. 1 



Engine 
speed 
(r. p. 
m.) 



1,493 
1,505 
1,499 
1,494 
1,508 
1,505 
1,510 
1,506 
1,499 
2,012 
1,503 
1,643 
1,808 



1,504 
1,498 
1,514 
1,514 
1,513 
1,507 
1,518 
1,501 
1, 996 
1,825 
1,647 
1,994 
1,514 



1,504 
1,505 
1,510 
1,505 
1, 502 
1, 506 
1,507 
1,302 
1,705 
1,900 
1,908 
1,895 



1,515 
1,510 
1,480 
1,506 
2, 106 
1,699 
1,897 
1,510 
1,499 
1,499 
1,505 
1,504 



Indicated 
fuel con- 
sumption 

(Ib./i. 
hp./hr.) 



0.481 
.477 
.483 
.481 
.453 
.444 
.448 
.472 
.479 



.471 



0. 479 
.470 
.467 
.468 
.465 
.491 
.486 
.467 
. 452 
.460 
. 469 
.450 
.474 



0. 423 
. 426 
.424 
.424 
.443 
.429 
.397 
.422 
.410 
.396 
.390 
.396 



0. 454 
.453 
.464 
.462 
.422 
.454 
.468 
. 464 
. 445 
. 489 
.430 
.464 



App/pj, 
(in. of 
water) 



11.15 
4.51 
6.45 
8. 55 
11.19 
11.13 
11.14 
8. 42 
4.42 
11.10 
4.88 
11.23 
11.30 



Carbu- 
retor-air 
temper- 
ature 
(°F.) 



Average.- 



17.88 
11.13 
16. 86 
12.81 
9.80 
15. 53 
15. 27 
15.42 
15. 78 
15. 18 
15.37 
15. 66 
15.69 



85 
95 
83 
86 
100 
94 
89 
85 
86 
94 
90 
95 



Average.. 



Average Tq for all cylinders 



9. 89 
8. 82 
7.61 
6.22 
9. 48 
9.41 
9.58 
9. 58 
9. 59 
9. 48 
9. 55 
8. 14 



Average. 



17. 71 
6. 29 
9.03 
13. 29 
16. 64 
16. 95 
16. 92 
16. 62 
16. 55 

15. 78 

16. 39 
6. 19 



83 
87 
85 
81 
91 
82 
87 
89 
84 
116 
77 
75 



Average. 



Head 
C'F.) 



1,320 



1,430 
1,100 
1,170 
1,345 
1,140 
1,035 



1,320 
1, 140 
1,080 
1,445 



1.230 



1,125 
1,095 
1,125 
1,115 
1, 165 
1,110 
1,150 
1,150 
1, 105 
1,110 
1,115 
1,075 
1,135 



1,122 



1,135 
1, 155 
1, 140 
1,135 
1,200 
1, 120 

930 
1,100 
1,210 
1, 125 

875 
1,160 



Barre 1 
C^F.) 



735 



725 
605 
590 
670 
640 



660 
630 
600 
655 



600 
600 
530 
600 
600 
620 
560 
600 
575 
555 
620 
485 
510 



1,107 



972 
1. 145 
1,100 
1, 161 
1,112 
1,220 
1,150 
1,150 
1,148 
1, 205 
1, 135 
1, 167 



1,139 



1. 153 



590 
610 
615 
610 
600 
625 
515 
550 
640 
595 
475 
635 



580 



568 
569 
599 
570 
640 
605 
588 
582 
600 
655 
610 
641 



602 



604 



CORRECTION OF TEMPERATURES OF AIR-COOLED ENGINE CYLINDERS 
Table II.— CALCULATED AND EXPERIMENTAL VALUES OF a 



23 



Cylin- 
der 


Series 


(**F.) 


C*F.) 


'1\ 
(OF.) 


a (calculated) 


a (experi- 
mental) 


Barrel 


0-Th 
Head 


Barrel 


Head 




fl 


92 


208 


271 


0. 772 


0. 831 


0. 76 


0. 83 




2 


106 


228 


295 


. 753 


. 819 


. 69 


. 77 




3 


87 


195 


243 


. 790 


. 853 


. 74 


. 80 




4 


89 


251 


332 


. 682 


. 771 


. 69 


. 91 




4' 


88 


250 


332 


684 


770 


. 75 


. 79 




5 


91 


214 


280 


758 


821 


. 81 


. 91 




7 


79 


192 


257 


784 


834 


. 77 


83 




7' 


87 


222 


296 




. 803 


72 


. 78 




8' 


79 


209 


276 


750 


. 816 


. 69 


. 84 


1 340-U _ . 


9 


68 


196 


259 


758 


823 


. 71 


. 80 




9'. 


70 


187 


237 


. 780 


. 84(5 


. 72 


. 79 




10-_- 


67 


204 


277 


. 743 


. 806 


'. 71 


. 74 




11..- 


90 


221 


303 


. 744 


. 800 


'. 78 


. 83 




11'-,- 


65 


237 


332 


. 080 


. 754 


'. 73 


. 81 




14—- 


65 


214 


289 


. 721 


. 794 


. 70 


. 76 




15--. 


73 


207 


285 


747 


. 802 


. 74 


85 




16.... 


70 


226 


297 


. 705 


. 790 


. 72 


. 78 




17...- 


94 


232 


305 


727 


. 800 


. 76 


. 77 




18.... 


86 


236 


316 


. 708 


. 784 


. 75 


. 73 




19.-.- 


82 


264 


351 


. 648 


. 748 


. 67 


. 76 




1 


108 


227 


311 


736 


805 


72 


. 81 




2 


105 


242 


329 




78(5 


62 


72 




3 


90 


254 


353 


652 


752 


(50 


73 




3' 


106 


247 


329 


(590 


786 


. 69 


. 78 




4 


94 


245 


341 


677 


766 


. 61 


. 70 




4' 


95 


255 


348 


657 


760 


. 58 


71 




5' 


99 


251 


340 


. 671 


. 770 


. 63 


75 




6 


102 


274 


361 


. 632 


. 752 


. 68 


. 81 


1 


6'--.. 


98 


265 


354 


. 639 


. 75() 


. 5(5 


. (59 




7 


104 


243 


320 


695 


. 793 


. (59 






r 


98 


253 


326 


664 


. 783 


. 70 


, 84 




8 


106 


288 


365 


.600 


!752 


. 55 


. 61 




9 


107 


268 


351 


. 646 


.766 


. 70 






10.-.- 


100 


273 


3()9 


.624 


. 744 


.(54 


. 78 




11.--. 


104 


257 


342 


. 666 


.772 


. 71 


. 79 




12..-. 


88 


266 


362 


.624 


.742 


.(i8 


. 77 




14.... 


99 


264 


352 


.643 


. 759 


.(53 


. 73 




21 


93 


233 


318 


.701 


.787 


. 70 


. 79 




/I 


90 


254 


319 


.717 


.790 


.71 


.79 




2 


84 


285 


365 


.658 


.744 


.76 


.82 




3 


85 


274 


346 


.678 


.762 


.71 


.80 




4 


98 


262 


332 


714 


.784 


.75 


.85 




5 


95 


280 


363 


.678 


.754 


.61 


.72 




6 


87 


263 


337 


.698 


.772 


.69 


.80 


1820- F.. 




88 


237 


305 


.743 


.801 


.72 


.79 




1-- 


93 


281 


360 


.675 


.756 


.69 


.78 




9 


96 


271 


346 


.695 


.768 


. 75 


.81 




10.... 


96 


252 


318 


.728 


.796 


.68 


. 78 




11-.. 


91 


280 


370 


.674 


.745 


.58 


.67 




13-.. 


91 


290 


372 


.656 


.742 


.74 


.80 




lu.--- 


93 


269 


359 


.695 


.756 


.70 


.76 



To 


Barre' 

\ *^ ') 


Head 
\ ^ •) 


(>00 




1, 150 







































































561 


1, 151 





















































671 


1, 183 



















































Cylin- 
der 



1830. 



1820-0 . 



1510. 



Series 


•* 0 
(°F.) 


Tb 
(°F.) 


Th 
(°F.) 


a (calculated) 


a (e.xperi- 
mental) 


Tg-Tk 
Barrel 


Tg-1\ 
Head 


•n 1 


Head 


/ 1 


99 


242 


335 


. 738 


. 791 


. 82 


.88 


1' 


81 


269 


380 


. 666 


. 740 


. 88 


. 96 




84 


251 


354 


. 702 


. 7(54 


. 75 


. 81 


Z 


87 


245 


343 


. 716 


. 77(5 


. 69 


. 77 




95 


217 


306 


. 778 


. 815 


. 73 


. 78 


3' 


93 




332 


. 744 


. 790 


. 77 


. 86 


4— 


QQ 

wo 


258 


370 


. 708 


. 760 


. 73 


. 73 


o 


84 


246 


350 


. 711 


. 768 


. 71 


.82 




78 


283 


405 


. 639 


. 716 


. 80 


.95 




99 


274 


380 


. (579 


. 752 


. 72 


.83 




82 


284 


390 


. (542 


. 732 


. 63 


. 74 




95 


262 


362 


. (59(5 


. 765 


. 73 


. 76 


\9' 


92 


260 


365 


. (59(5 


. 760 


. 71 


. 84 




99 


229 


301 


. 740 


. 808 


. 71 


. 83 


1' 


92 


252 


330 


. 686 


. 775 


. (59 


, 77 




114 


247 


322 


. 725 


. 799 


. 68 


. 78 




92 


239 


321 


. 710 


. 782 


. 69 


. 80 


3' 


90 


252 


337 


. 683 


. 766 


. 68 


. 79 




96 


241 


315 


. 712 


. 792 


. 69 


. 83 


(4 


104 


232 


304 


. 742 


. 809 


. 73 


. 82 


5 


99 


232 


313 


. 735 


. 796 


. 71 


.82 


5' 


97 


249 


358 


. (598 


. 752 


.68 


.75 


5" 


102 


243 


335 


. 716 


. 778 


. 70 


.79 


5'" 


104 


2.'i8 


32?) 


. 730 


. 785 


. 74 


. 79 




105 


259 


357 


. 688 


. 759 


. 60 


. 71 


,8 


100 


249 


327 


. 702 


. 784 


. 64 


.79 


/12 


94 


236 


263 


. 719 


. 840 


. 69 


.82 


13 


102 


246 


275 


. 711 


. 83(5 


. 73 


.86 


14 


91 


224 


254 


. 739 


. 846 


. 72 


. 83 


15 


90 


232 


268 


. 721 


. 832 


. 72 


.82 


16 


97 


245 


277 


. 706 


. m) 


.72 


.86 


/ 17 


98 


237 


271 


.723 


. m\ 


.72 


.82 


\ 18 


93 


212 


231 


765 




71 




19 


99 


221 


238 


'. irh 


'. S(58 


'. (59 


.'84 


20--.. 


93 


230 


255 


. 730 


.847 


. 70 


.87 


21..-. 


97 


239 


271 


. 718 


.834 


72 


.90 


24 


104 


251 


281 


. 704 


.831 


." 5('5 


.77 


I29''.- 


103 


242 


275 


.720 


.8:16 


.(56 


.85 


(l 


99 


230 


296 


.738 


.812 


.69 


.78 


2 


91 


272 


361 


.644 


. 745 


.61 


.71 


3 


96 


255 


334 


.684 


.774 


.70 


.75 


4 


92 


252 


310 


.686 


.794 


.64 


.80 


6 


108 


280 


358 


.651 


.760 


.70 


.74 




187 


282 


351 


. 764 


.828 


.73 


.80 




101 


265 


336 


.671 


.776 


.68 


.75 


9 


100 


260 


320 


.680 


.790 


.64 


.76 


10-.- 


96 


225 


277 


.744 


.828 


.70 


.86 


11-- 


109 


290 


363 


. 631 


.756 


.73 


.78 


13...- 


91 


239 


283 


. 710 


.821 


.68 


.81 


U4..-. 


80 


290 


356 


.597 


.742 


.70 


.79 



Barrel 

rF.) 



645 



Head 
(°F.) 

1,230 



600 



1, 150 



1,150 



1, 150 



Table III.— VALUES OF a CALCULATED AT HIGHEST AIR TEMPERATURE 













a(Calculated) 
















Cylinder 


Series 








Tg-T, 


Tg-T, 














Tg-Ta 






(°F.) 


(°F.) 




Barrel 


Head 




/ 1 


236 


325 


398 


0. 756 


0.822 




2 


237 


362 


467 


.655 


.748 




3 


219 


340 


427 


.682 


.777 




4 


244 


350 


431 


.702 


.793 




6 


205 


346 


429 


.642 


.763 


1510 


I 


277 


350 


429 


.774 


.826 




235 


351 


436 


.682 


.780 




9 


249 


355 


440 


.(598 


.788 




10 


24'5 


334 


407 


.750 


.821 




11 


198 


361 


434 


.595 


.752 




13 


227 


335 


392 


. 710 


.821 




\ 14 


224 


393 


462 


.550 


.742 



To 


Barrel 
C°F.) 


Head 
(°F.) 


600 


1, 160 
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Table IV.— VALUP:S OF h OBTAINED FROM CYLINDER TESTS 



Cylinder 


Engine 
speed 
(r. p. m.) 


Indicated 

mean 
effective 
pressure 

(Ib./sq.in.) 


Indicated 
horsepower 


App/po 
(in. of 
water) 


Fuel con- 
sumption 
(Ib./i. hp./hr.) 


Carburetor- 
air tempera- 
ture 
(°F.) 


t 

Head 


Barrel 




( 1,501 
\ 1, 502 
I 1, 537 


140.6 
153. 1 
97. 7 


41.53 
45. 25 
29. 54 


17.18 

18. 50 

19. 35 


0. 461 
.470 
. 448 


45-120. 2 
47. 3-126 
74—187 


0. 794 
1. 096 
740 


0 

.519 

0 




f 1, 523 
I 1, 787 


119.2 
135. 1 


26.7 
35.5 


15.47 
15. 97 


.444 
.459 


45-153 
34-154 


.846 
.607 


.364 
.360 


1820-F 


( 1, 302 
■ 1, 501 
[ 1, 503 


94. 25 
117. 12 
120. 23 


31.96 
45. 80 
47. 07 


13. 32 
13. 84 
13. 97 


.601 
.442 
.477 


39-148 
76-128 
84-160 


-.159 
.324 
.366 


0 

.21') 
.279 




/ 1,634 
\ 1,650 


117.9 
117.3 


31. 79 
31.93 


20. 52 
20.63 


.518 
.467 


58. 6-150 
81-148 


.590 
.519 


.388 
.634 




/ 1, 503 
1 1, 702 


118.0 
122.6 


24.2 
28.5 


16. 33 
16. 14 


.433 
.442 


46-157 
78-153 


.254 
.233 


.209 
. 117 



v.— EFFECT OF FLIGHT CONDITIONS ON ENGINE TEMPERATURE CORRECTION FACTORS 







































T 










Flight condition 


y 


z 


X 


X 


A max 

(°F.) 




(°F.T 


CF.) 


CF.) 


Head 


Barrel 


A. Constant carburetor-air temperature and engine power: 










475 
475 


350 
350 


330 
330 


300 
300 


0 
100 


0.88 
.87 


0.60 
.67 


1. Climb at constant indicated air speed to a given pres- 


0 


0 


I 


1 












400 


275 


255 


225 


0 


.91 


.72 












400 


275 


255 


225 


100 


.91 


.80 


2. Level flight at a given pressure altitude 


0 


0 


1.33 


1.33 


475 


350 


330 


300 


0 


.93 


.65 










475 


350 


330 


300 


100 


.91 


.69 












400 


275 


255 


225 


0 


.96 


.76 












400 


275 


255 


225 


100 


.95 


.82 


3. Stationary on ground at a given barometer 


0 


0 


1.50-1.66 


1.. 50- 1.66 


475 


350 


330 


300 


0 


.98 


.69 






475 


350 


330 


300 


100 


.94 


.71 












400 


275 


255 


225 


0 


1.00 


.78 












400 


275 


255 


225 


100 


.97 


.84 


4. Constant airplane velocity. - - 


0 


0 


2 


2 


475 


350 


330 


300 


0 


1.05 


.73 










475 


350 


330 


300 


100 


.98 


.74 












400 


275 


255 


225 


0 


1. 06 


.83 












400 


275 


255 


225 


100 


1.00 


.85 




0 


0 


0 


0 


475 


350 


330 


300 


0 


.70 


.50 










475 


350 


330 


300 


100 


.76 


.60 












400 


275 


255 


225 


0 


.76 


. 03 












400 


275 


255 


225 


100 


.83 


. 75 


B. Carburetor-air temperature equal to and varying with at- 
























mospheric temperature, engine power varying with 
























carburetor-air temperature, constant manifold pres- 
























sure, and constant engine speed: 








.032 


475 
475 


350 
350 


330 
330 


300 
300 


0 
100 


.85 
.88 


.75 
.80 


1. Climb at constant indicated air speed to a given pres- 


0 




1 












400 


275 


255 


225 


0 


.88 


.81 












400 


275 


255 


225 


100 


.91 


.87 




.66 


1 


1.33 


.70 


475 


3.50 


330 


300 


0 


.97 


.83 










475 


350 


330 


300 


100 


.96 


.85 












400 


275 


255 


225 


0 


.98 


.88 












400 


275 


255 


225 


100 


.97 


.90 


3. Stationary on ground at a given barometer 


. 33- . 5 




1. 50-1. 66 


. 81- . 89 


475 


350 


330 


300 


0 


1.00 


.85 










475 


350 


330 


300 


100 


.97 


.86 












400 


275 


255 


225 


0 


1.00 


.90 












400 


275 


255 


225 


100 


.99 


.91 



a The values of ax for the head are calculated for r»= 1,150° F. and for the barrel for rB=600° F. 
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i 



I 



J 



z 



Positive directions of axes and angles (forces and moments) are shown by arrows 



Axis 




Moment about axis 


Angle 


Velocities 


Designation 


Sym- 
bol 


Force 
(parallel 
to axis) 
symbol 


Designation 


Sym- 
bol 


Positive 
direction 


Designa- 
tion 


Sym- 
bol 


Linear 
(compo- 
nent along 
axis) 


Angular 


Longitudinal 


X 


X 


Rolling 


L 


Y >Z 


Roll 


e 


u 


P 


Lateral- _ , _ 


Y 


Y 


Pitching 

Yawing 


M 


Z >X 


Pitch 


V 


Q 


Normal 


Z 


Z 


N 


X — >r 


Yaw 




w 


r 

















Absolute coefficients of moment 
(lolling) (pitching) 



(yawing) 



Angle of set of control surface (relative to neutral 
position), 5. (Indicate surface by proper subscript.) 



4. PROPELLER SYMBOLS 



D, 

P, 

P/D, 

y, 
v„ 

T, 



Diameter 
Geometric pitch 
Pitch ratio 
Inflow velocity 
SHpstream velocity 

Thrust, absolute coefficient Cr 



T 



Torque, absolute coefficient Cq 



Power, absolute coefficient Cp= — ^yrz 

Speed-power coefficient =-^j^ 
Efficiency 

Revolutions per second, r.p.s. 
Effective helix angle=tan"^^;^;^;^^ 



5. NUMERICAL RELATIONS 



1 hp. = 76.04 kg-m/s=550 ft-lb./sec. 

1 metric horsepower= 1.0132 hp. 

1 m.p.h. =0.4470 m.p.s. 

1 m.p.s. = 2.2369 m.p.h. 



1 lb. = 0.4536 kg. 

1 kg=:2.2046 lb. 

1 mi. = 1,609.35 m=5,280 ft. 

1 m=3.2808 ft. 
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